The nucleotide sequences of the satellite RNAs associated with tomato black ring virus isolates L, G, E and C were determined and compared with the sequence of the satellite associated with strain S determined earlier. The sequence of satellite L closely resembled that of satellite S and both were to a lesser extent similar to satellites G, E and C which themselves were closely similar. There was 90% or more sequence homology between satellites in each group, G and E being the most closely related, with only one nucleotide (nt) difference between them. There was about 609/o homology between the groups. Satellites G, E and C had longer 5' non-coding regions (40 nt) than satellites L and S (14 nt), but were shorter by 11 to 13 nt in their 3' non-coding regions. The sequences all contained a single large open reading frame for proteins of mol. wt. 47808 (424 amino acids) (L), 47792 (419 amino acids) (G, E) and 47698 (419 amino acids) (C). The deduced amino acid sequences differed principally in their N-terminal 65 residues. Several regions of sequence comprising 10 or more amino acids, and one of 31 amino acids, were identical in all satellite sequences. No marked sequence similarities were detected between the satellite sequences and a number of viral protein and nucleic acid sequences available in databases. The extent of homology between the 3' ends of satellite sequences and those of RNA-1 or RNA-2 of TBRV was slight, consisting of several hexa-and heptanucleotides.
INTRODUCTION
Tomato black ring nepovirus (TBRV) has a bipartite RNA genome but particles of some isolates also contain a satellite RNA (sat-RNA) with a mol. wt. of about 5 x 10 s (Murant et al., 1973) that is dependent on the presence of the two genomic RNAs for its multiplication. In vitro, the sat-RNA can be translated to give a protein with a mol. wt. of about 48K which corresponds to its predicted coding capacity (Meyer et al., 1984) . A protein with this mol. wt. is synthesized in protoplasts infected with TBRV particles containing the sat-RNA, but its role in virus or satellite multiplication is as yet unknown (Fritsch et al., 1978) . The association between sat-RNA and the helper virus appears to be highly specific, as the helper virus supports multiplication of the sat-RNA only from TBRV of the same serotype (Doz et al., 1980; Murant & Raschk6, 1982) . The ability of a pseudo-recombinant isolate, comprising RNA-1 from TBRV-G (G serotype) and RNA-2 from an S serotype TBRV, to support multiplication of TBRV-G satellite (Murant & Raschk6, 1982) suggests that the specificity of interaction reflects specific requirements for functions encoded by RNA-1, such as replication (Robinson et al., 1980) . No extensive nucleotide sequence homology was detected between one sat-RNA and the genome RNAs of its helper TBRV (Robinson, 1982) . Comparisons between the T1 oligonucleotide maps of the sat-RNAs associated with five different TBRV isolates and between peptide maps of the translation products of the sat-RNAs have shown that all sat-RNAs display some similarities. Furthermore those satellites associated with helper viruses that are closely related serologically are more similar than those associated with serologically less related helpers (Fritsch et al., 0000-7656 © 1987 SGM 1984 . In an attempt to confirm these results and to locate the regions of difference that may play a role in determining the specificity of the association between sat-RNA and the genomic RNAs, we have determined the nucleotide sequences of the sat-RNAs used in the earlier study.
METHODS
Virus isolates. Two isolates belonged to the Scottish serotype: TBRV-S, the type culture of the beet ringspot strain (Harrison, 1958) , and TBRV-L, an isolate from Lanarkshire, Scotland . The three other isolates belonged to the German serotype: TBRV-G, an isolate of potato bouquet strain from Germany (Harrison, 1958; Murant et al., 1973) , TBRV-E, an isolate from lettuce in Norfolk (England) (Taylor & Murant, 1969; Fritsch et al., 1980) , and TBRV-C, an isolate from celery (celery yellow vein virus) from Suffolk (England) (Hollings, 1965) . The satellite RNAs were prepared and purified as described earlier .
Synthesis ofcDNA and cloning. Synthesis of DNA complementary to each RNA was as described by Meyer et al. (1986) . After T2 RNase digestion and dC-tailing, the cDNA-RNA hybrid was inserted in the PstI site of dGtailed pBR322. Competent Escherichia coli K500 were transformed and those resistant to tetracycline and sensitive to ampicillin were selected (Meyer et al., 1984) . Starting with 1 ~tg of sat-RNA as template for cDNA synthesis, and using one-tenth of the amount of RNA-cDNA hybrid obtained for ligation with pBR322 and transformation of the bacteria, about 50 to 100 transformants were obtained.
Analysis of clones. Clones were analysed by the rapid screening method of Birnboim & Doly (1979) . For each sat-RNA, we selected the clone containing the longest DNA insert. Purification of the cDNA insert was as described by Meyer et al. (1984) . DNA fragments generated by restriction enzyme digestion of sequenced cDNA were then used as probes for the detection of recombinants containing cDNA of the part of the genome missing in the large clones.
Clones containing recombinant plasmids were screened by the colony filter hybridization technique described by Maas (1983) .
Sequencing methods. The isolated cDNA inserts were digested with a variety of restriction enzymes, 5'-labelled by polynucleotide kinase and then sequenced by the chemical method of Maxam & Gilbert (1980) . Analysis of the cDNA inserts of overlapping clones allowed us to establish the whole nucleotide sequence of each RNA except for RNAs E and G for which the 50 nucleotides (nt) preceding the 3' poly(A) were determined directly by analysing the cDNA synthesized using Y-labelled oligo(dT) as primer. Everywhere else the sequences were determined on both DNA strands.
The nucleotide sequences near the 5' ends of the RNAs were verified by sequencing cDNA synthesized by extension of a 5'-labelled fragment of DNA complementary to the region of RNA between nucleotides 76 and 122. This allowed us to confirm the 5'-terminal sequence observed in the clones except for the first nucleotide, which runs in sequencing gels close to the full-length fragment at the top of the banding pattern.
Sequence comparisons. Alignments of the different RNA and protein sequences were obtained using the GAP SHOW and PUBLISH programs of UWGCG on a VAX 11/750 computer (Devereux et al., 1984) . RNA and protein sequences were compared using the program COMPARE followed by DOT PLOT and the program WORDSEARCH. The program FOLD was used to obtain secondary structures.
RESULTS AND DISCUSSION

Comparison of the primary structures of the sat-RNAs
The nucleotide sequences of L, G, E and C sat-RNAs contain 1376, 1372, 1372 and 1374 nt, respectively. Those of G and E are identical except for the substitution of U (in E) for a G (in G) at position 570. The possibility that such a single substitution may be a copying error during cDNA synthesis cannot be ruled out and consequently we have chosen to consider sat-RNAs E and G as identical and will not distinguish between them in the text.
The different nucleotide sequences, together with the sequence of S sat-RNA published earlier (Meyer et al., 1984) , were aligned to obtain the highest level of homology (Fig. 1) . Whereas sat-RNAs S and L on one hand, and C and E on the other, could be aligned without gaps, the alignment between the RNAs of the two groups required a small number of insertions and deletions.
Sixty-three ~ of the sequence positions were identical in all four RNAs. Differences of only 10~ or less exist between the two RNAs in either group. This latter percentage is small but is still 100 times higher than the variation observed over several clones obtained from the same RNA (Meyer et al., 1986) and thus should reflect the sequence divergence of two isolates.
A single large open reading frame is present between nucleotides 15 and 1286 for RNA L and 
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AAUGcGUACUCUGCGGU~CC~UAc~GGUCCA~GGAACUUCGUGAAACAUGGGUCAAGU~CUC.GCUACAGGUCCACAAAAAGAAU~UGGCAUUCCCGGGC (Table 1) . Within the coding region the percentage of each base is nearly as expected for a random distribution• For the non-coding regions not only U, as for the genomic RNA, but also A are predominant.
For RNA E and C, the first AUG is located at nucleotide 40. A second AUG occurs in phase with the first, at position 52, but neither of these two AUGs agrees perfectly with the consensus sequence ~.. AUGG proposed by Kozak (1981) for an efficient initiation codon. Attempts to generate a secondary structure for the 5' regions using the program FOLD showed that several base-paired structures could be obtained, but none gave rise to a conserved structure involving the initiation codons because the AUGs of RNA S and L were always implicated in the loop of a On: Thu, 17 Jan 2019 20:50:35
RNA-2S sat-RNA Table 1 . (Salser, 1977) , hairpin structure whereas those of RNA E and C were not. So we have arbitrarily chosen the first AUG as the initiation codon for these RNAs. These putative initiation codons are all contained in a sequence that is more or less conserved, ACOGAUGcaAG (Fig. 2) .
Comparison of the nucleotide composition of the four TBR V satellite RNAs with RNA-2S
The 3' regions of RNA E and C differ from those of RNA S and L by the absence of a stretch of 11 (for C) and 13 (for G) nt. In the same region six of 13 nt are different between L and S; elsewhere the 3' non-coding regions differ by less than 10~o. They all contain two stop codons UAG and UAA separated by 21 nt (Fig. 1) .
A,~bough RNA L and S have the hexanucleotide AAUAAA near the 3' end, a sequence thought to be a recognition signal required for processing and polyadenylation of eukaryotic mRNAs (Fitzgerald & Shenk, 1981 A prediction of the secondary structure of the 3' regions of sat-RNAs was made using the computer program FOLD. A hairpin structure was obtained for S and L RNAs. It is also possible to adapt this model for the 3' regions of sat-RNAs E and C (C. W. Pleij, personal communication). The proposed model (Fig. 3) , for which we have no experimental support, is satisfying because the conserved regions of the 3' non-coding sequence are within the stem structure whereas the variable region is within the loop structure.
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Comparison of the sequences of sat-RNAs and genomic RNAs
Comparison of the nucleotide sequences of sat-RNAs with those of RNA-1S (C. Greif, O.
Hemmer & C. Fritsch, unpublished results) and RNA-2S (Meyer et al., 1986) reveal some homologies within the first 45 nt of each RNA. In this region, the percentage of homology between all sat-RNAs and the genomic RNAs is similar (Fig. 2) . However, the homologies are differently localized and a stretch of nine nt between nucleotides 27 and 35 is common only between the sat-RNAs S and L and RNA-1S and -2S. All RNAs have in common the heptanucleotide UUGAAAA corresponding to the 5' end of RNAs S and L. Sat-RNAs E and C possess an extra 5'-terminal nucleotide which, for RNA C, is a U residue, but for RNA E is a C residue. This C is surprising in that for all VPg-linked viral RNAs analysed so far, the 5'-terminal residue is U. The C residue was unambiguously determined on the cloned cDNA of RNA E, but we were unable to confirm it directly by analysis of primer-extended RNA (see Methods). The 3' non-coding regions of the different sat-RNAs were compared with a 300 nt long 3' noncoding region of TBRV RNA-2S which is identical to that of RNA-1S (C. Greif, O. Hemmer & C. Fritsch, unpublished results) . Using the program COMPARE/DOT PLOT only short stretches were found to be common. Fig. 4 shows the location of the longest stretches (of six and seven nt) common between the sequences. Among them, the hexanucleotide GAAAUA is the only sequence not present in RNA E and C.
Properties of the coding region
The amino acid sequences of the proteins encoded by the sat-RNAs deduced from the nucleotide sequences of the four RNAs are shown in Fig. 5 . They were aligned in order to obtain the highest number of matches between identical amino acids or between amino acids with similar properties. In order to determine whether random variation in codon usage occurs from one satellite to another, we calculated the amount of nucleotide variation in each codon position (Table 2) . In all cases variation in the third position is significantly higher than in the first or second positions. Moreover, modifications between RNA E, or RNA C, and S compared to those between RNA S and L are about three times more common in the third position and four to five times more common in the second and first positions. These observations suggest that sequence variations affecting codon usage are non-random because of the necessity of i0 30 50 70 90 being between amino acids 103 and 121, and amino acids 260 and 276) and one large region comprising the 65 N-terminal amino acids, remain distinct. Examination of the amino acid contents showed that all four proteins contain an exceptionally high percentage of lysine (three times more than predicted by a random usage of codons). As shown in Table 4 the proteins are highly basic, especially within the first 100 residues where basic amino acids are nearly three times more abundant than acidic amino acids.
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This histone-like property was noted by Bol et al. (1974) for the amino terminal segments of viral coat proteins, and also by Unge et al. (1980) , who showed that for satellite tobacco necrosis virus the basic region forms an ordered ~-helix buried in the RNA. Thus, this region of TBRV satellite proteins may have an affinity for RNA. It is also noteworthy that, although most differences between the proteins of the two groups of satellite RNAs occur in this region, the basic character of the N terminus is conserved, suggesting that this is functionally significant.
The hydrophilicity plots (Hopp & Woods, 1981) obtained for proteins of sat-S (similar to L) and sat-E (similar to C) are presented in Fig. 6(a,b) . As expected, these plots show that a great number of peaks (indicated by letters) are similar for the two proteins. Three regions can be distinguished: (i) a region containing the 100 C-terminal amino acids that are nearly identical in both proteins, (ii) a region of about 100 amino acids at the N terminus which is more hydrophilic in the protein of sat-S than that of sat-E, and (iii) a central region where most of the hydrophilic peaks are higher for E than for S.
A structure prediction using rules given by Chou & Fasman (1978) also showed no large difference between the two proteins except for the N-terminal region.
The results presented here show that the TBRV sat-RNAs of four isolates do not share significant sequence homologies with TBRV RNA-2S nor with the 3' non-coding region of TBRV RNA-1 S, and they confirm the results obtained by hybridization in solution (Robinson, 1982) . These observations raise the question of what determines (i) the dependence of the sat-RNA on the helper and (ii) the specificity of this dependence.
Satellite RNA C associated with turnip crinkle virus (Simon & Howell, 1986 ) and the possible satellite species RNA-3 and -4 associated with beet necrotic yellow vein virus (Bouzoubaa et al., 1986) share with their helper virus RNA a common sequence in the 3' non-coding region and may therefore replicate using the same replication complex as the genomic RNAs. However the 3' non-coding regions of TBRV sat-RNA and genomic RNAs (isolate S) contain only small homologies. Among them only the hexanucleotide GAAAUA is absent in RNAs E, G and C. This hexanucleotide is present in the loop of the hairpin structure proposed (Fig. 3) for this region. We feel it is unlikely that such a small stretch of nucleotides may constitute a signal in the replication process. Nevertheless, Gordon & Symons (1983) were able to demonstrate that, although only a few short sequences were homologous in cucumber mosaic virus satellite and genomic RNAs, the secondary and tertiary structures proposed for these RNAs contain conserved sequences involved in similar structures. It thus remains possible that the few homologies noted above between TBRV satellite and genome sequences are implicated in the dependence of the sat-RNA on the genomic RNA for replication and encapsidation. Likewise the conserved region found at the 5' end [i.e. the 3' end of the (-) RNA] of genomic and satRNAs may also play a role in conferring specificity to the replication process.
Another possibility, suggested earlier (Fritsch et al., 1980) , is that the satellite-encoded protein itself could play a role in the replication by diverting the viral/host replication complex in the satellite's favour. The proteins of the two groups of satellites differ mainly in their N-terminal regions. Perhaps these differences are large enough for efficient interaction with the replication complex to occur only with the protein encoded by the satellite originating from the same isolate as the helper.
We have not found any significant homology between the proteins encoded by the satellite RNAs and the proteins encoded by the RNAs of various plant viruses listed in the NBRF sequence bank nor with tobacco rattle virus 29K and 16K proteins (Boccara et al., 1986) . Comparisons of the RNA sequences with other satellite RNAs, or viroid RNAs listed in the Genbank, and the complementary sequence of TBRV RNA-2S revealed no homologies.
